Due to their intermediate position between the machine and workpiece, tools represent the interjbce of the manufacturing system to the process. Near net shape production, new materials and techniques are the new challenges in metal forming and especially in tooling. A signijicant economical effect can be achieved through an increase in the life of tool elements, as well as through proper tool management strategies. The greatest problem connected with the preliminary estimation of tool life is the large scatter of service life for a series of identically designed tools. The uncertainty in estimating the expected service life of tools and thus the tooling costs per piece is caused by the enormous variety and confluence of damaging factors, the factory-specijic character of tool life and the stochastic phenomenon of tool failures. From the confluence of aspects influencing tool lge it is clear that there is no general recipe for increasing tool life and tool quality. Each of the influencing aspects contains some possibilities for increasing the service time of tools. This paper shows some examples of tool design and tool manufacturing and points out that a knowledge-based approach imitating the activity and knowledge acquisition of human experts can be the bridge between computer aided (CA) techniques and human experience in predicting expected tool life. 1 INTRODUCTION matics, and the material and tribology on the one hand and machine tool and automation on the other. Their task is to allow full utilization of the capabilities of the of the particular process-the tooling system in bulk metal forming operations and, particularly, in the restricted-flow forming operation 'stores' (together with the desired geometry of the forged component), most of the information related to the shape and property transformation resulting from the forming process of the material (2).
production costs per piece considerably. In Fig. 3 the costs for initial tooling, machine set-up and maintenance for a typical cold forged stepped shaft are compared for different batch sizes (7) . For large-quantity manufacturing, the costs for tool replacement and maintenance become the dominant part. Each time a tooling element has to be replaced, three types of costs need to be considered :
(a) costs for downtime of the machine, (b) costs for fabricating, reworking or refurbishing the (c) costs of tool pre-and post-operative handling and Figure 4 shows the breakdown of maintenance costs for the cold forged part (stepped shaft) of Fig. 3 (8) . The frequency of appearance of these three types of costs is determined by : as through proper tool management strategies. Figure 5 illustrates the differences in manufacturing costs related to 100, 150 and 50 per cent of the expected tool life of a punch (9, 10). At the same time the diagram points out the greatest problem connected with the preliminary estimation of tool life: the enormous scatter of tool lives for the same tool design and tool layout.
MAIN FACTORS LIMITING TOOL LIFE
In bulk metal forming operations the life of tools is mainly constrained by three effects (see Fig. 7 ): (11) most frequent reason for failure in warm and hot forging.
Wear of tool parts
The main kind of surface damage is wear. It is the principal reason for scrapping tools used in warm and hot bulk forming processes because it has a large influence on the tolerances and surface quality of the formed part and thereby on tool life. Although the nature of wear still hides many unclear aspects, industrial research has established how the dimensions and surface quality are changing during the forming operation due to wear (13) (14) (15) (16) (17) (18) (19) (20) . In hot forging the mechanism of adhesive wear can dominate because of the local bonding between the die and the workpiece on the carrying asperities (17). In other cases surface fatigue and oxidation can be of importance. Figure 8 illustrates the development of wear at the surface of a hot forging die, showing the preform geometry and the measured wear distribution after 2000,3800 and 5200 forgings.
It is generally accepted that this phenomenon of wear is very complicated and that a number of mechanisms and factors are involved (21, 22). The actual mechanism causing friction in the contact interface between the tool and workpiece is therefore only understandable on the basis of classical physics and mechanics. An interesting physical approach related to this is given in references (23) to (33), which is based on the change of free enthalpy at the touching surfaces asperities. This model serves as a good explanation for the mechanism of adhesive wear and gives an efficient basis for industrial research and further finite element (FE) simulation of wear (34, 35) . This approach has now shown that, despite a high degree of hardness of the tool material or the additional coating, wear always takes place. It has also shown that taking account of the surface temperature at process conditions and the associated free enthalpy of the containing surface materials could lead to an optimized choice of the tool material or the coating in combination with the processed workpiece material.
Furthermore, this physical model of adhesive wear will support the efforts of wear simulation (34). Based on the results of FE analysis and an advanced rheological-mechanical description of the contact area (35), computer simulation of tool loading will also contribute to a better understanding of wear in practice ;kTIL,- (43) and will help to optimize the chosen tool layout with regard to an improved wear resistance.
Fig. 9 FE results of cyclic stress-strain behaviour at the location of maximum surface loading at the transition radius of an extrusion die

Fracture
The main danger of tool failure in cold forming production is fracture, because of the high costs arising not only from tool replacement but also from the damage that may be caused by the broken tool in an automatic press environment. Overload fracture can be avoided using modern techniques of stress and strain estimation, like the FEM (finite element method), but fatigue fracture always occurs in highly loaded tools. The phase of crack initiation as the starting point of subsequent fatigue crack propagation, caused by local fatigue damage of the tool surface, then plays an important role. Crack initiation takes place when the sum of mechanical and thermal load exceeds a critical value. This value is not a pure material property; it depends on the state of multi-axial stress (36, 37) as well as surface quality or surface treatment (38, 39). FEM analysis of tools under working conditions-taking into account the results of internal pressure distribution from FEM metal flow simulation (process simulationb not only reveals the critical surface location concerning fatigue failure but also yields the cyclic loading history of the considered tool surface with regard to further simulation of crack initiation (40-43). Figure 9 , related to this, shows the cyclic stress-strain curve for the maximum component of surface loading in the region of the critical transition radius of a cold extrusion die. Much effort has been made to control the continuous process of fatigue fracture in cold extrusion tools in order to make tool failure more predictable. One possible approach is given by the combination of fracture mechanics with FEM analysis of tool loading allowing for the computer simulation of crack propagation. Simuiation results show good agreement with results of practical measurements (43). As a first example Fig. 10 gives a comparison of fracture simulation and realistic crack behaviour obtained from experimental tool investigations (38,39).
A second approach is given measuring the crack growth behaviour of tools during the time of operation [ Fig. 11 (3811. Applying the eddy current testing method, crack initiation can be indicated at the tool surface whereas the ultrasonic testing method monitors the process of subsequent crack propagation inside the tool walls (39). Both methods are of enormous importance for proving theoretical considerations of fracture simulation and for on-line monitoring. Using these measurement techniques the role of heat treatment and Fig. 11 Systems, measuring initiation and propagation of cracks in a cold extrusion tool (38) surface quality has been shown ( Fig. 12) , for example for a rod extrusion die.
VARIOUS ASPECTS INFLUENCING TOOL LIFE
The uncertainty in estimating the expected service life of tools and thus the tooling costs per piece is caused by: a quality of the product, putting the tool now in the centre of consideration ( Fig. 13 ).
Obviously the average service life of tools for net shape manufacturing is significantly lower than for the production of workpieces with larger tolerance fields. The reasons for early tool failure can be that:
(a) the stresses are higher, due to the higher grade of cavity filling, which leads to earlier fatigue fracture, or (b) less tool wear is allowed because of the narrow tolerance field required for the workpiece.
The main obstacle in explaining the influence of the various parameters of the forming system is the complexity of interconnections between them. The modification of lubrication, for example, not only changes the contact interface between the tool and the workpiece on a microgeometrical level but also causes a change in friction conditions, such as:
(a) the velocity field and thus Similar aspects apply to the influence of surface coating. Thus the question arises:
What was the essential reason for the change in tool life?
An increase in forming energy, for example, results in a higher tool temperature. The additional elevation of temperature due to friction between the workpiece and tool may raise the local surface temperature to critical values above the tempering temperature of some cold working steels (44-46). In hot forging all these phenomena are combined with the predominating adhesive wear (17) and with thermal cracks (46).
Another dimension of tool life is connected with the traditions and culture of production-with human factors. Consequently factory-independent tool life esti-mation is always very uncertain (12). The schematic structure of confluences [ Fig. 14 (47) ] shows some possible reasons for this claim. Two examples will be given in the following:
1. Careless lubrication, preheating or cooling can cause an elevated temperature of the forging die which may lead to quick permanent deformation or thermal fatigue. 2. The deviation of workpiece temperature, either resulting in oxidation with elevated friction and wear or in increased contact pressure with higher stresses in tool elements, may affect wear or fracture behaviour .
The types of failure for identically designed tools in identical exploitation environments also vary. Highly loaded cold extrusion tools always break while the main failure reason in mass production of similar workpieces is wear. Typical failure rates for tools in cold extrusion are, for example, 80 per cent failure by fracture but only 20 per cent replacement due to wear. The generalized failure model explains the reasons for this phenomenon [ Fig. 15 (48) ]. In accordance with this model all types of damage are active at the same time during the exploitation of the tool. Wear, roughening, plastic deformation and crack propagation are deterministic, but initiation of microcracks is of a probabilistic nature. Thus the path leading from the initial state of the tool to the dominating failure not only depends on the design-and exploitation-specific factors but on the entire 'pre-history' of the tool. The overlapping of these deterministic and stochastic processes results in a dispersion of failure types, which may be very large, as already mentioned.
INCREASING THE EFFICIENCY OF TOOLING
As there is normally the goal of increasing the efficiency of tooling, at'present this problem is often reduced to coating or tool material problems only. From the aspects shown in the former chapter it is clear that there is no general rule for increasing tool life and tool quality. Each of the influencing aspects contains some possibilities for increasing the service life of tools. Because of the factory-specific character of tool life, different solutions can result in similar effects in different factories ; therefore there is no general way to increase tool life, there are only some steps towards this goal.
This chapter gives some examples of modern solutions based on the analysis of different aspects that influence tool life.
Tool design
Numerical solutions, for example by FEM, on the one hand providing the loads on the tools during forming operations and thus the resulting stresses in tool elements on the other hand ( Fig. 9) , enable the design of optimized tool geometry with more homogeneous stress distribution avoiding stress concentrations. The optimization of die design can be carried out : Figure 16 shows as a result of FEM simulation the profile of strain energy density along the surface of the transition radius of an extrusion die for different contour shapes. The fatigue life profile, moreover, directly yields the associated fatigue life for this area, which indicates the expected number of cycles. It is evident that an enlargement of the transition radius already reduces the surface loads, but it can also be seen from the diagram that the applied computer aided die shape optimization (40) has significantly more success in delaying crack initiation from only -20 to more than 600 loading cycles. Thus the simulation of crack initiation enables a comparative assessment of different design studies, leading to the optimized tool layout (41,42,49 ).
Design of active elements
Combining prestress and high-hardness die insert
A tooling technology which over the last few years had its industrial break-through is the STRECONR stripwinding technology for prestressing highly loaded dies. By using stripwound, prestressed containers the design and layout of cold forging tools can be improved, resulting in remarkable increases in die-life (50). Figure 17 shows an example of die-life optimization with stripwound, prestressed containers. The illustration displays the cross-section of the actual die insert for a 350 g cold forged part ( Fig. 17a and b) . With conventional stress rings these dies gradually failed due to lowcycle fatigue cracks in the corners of the die inserts. The average die life with conventional stress rings was approximately 5000 pieces.
An FEM analysis of the stress cycle in the critical die-insert corner showed extremely high local stresses (Fig. 17c ). The state of stress varied cyclically from compressive plastification, due to prestress, to tensile plastification under internal pressure loading. In the conventional stress-ring system, the amount of local tensile plastification was rather high. This explains the very low die life as crack initiation mainly depends on the amount of tensile plastification (49). Compared with conventional stress rings, the STRECONR stripwound prestressed containers (Fig. 17d ) allow much higher prestress of the die insert. Actually, the interference changed from 0.7 to 1.0 per cent and this resulted in a doubling of die life (approximately 10000 pieces per die insert).
Further elastic-plastic FEM analysis showed that the problems with cyclic plastification in tension and compression during each loading cycle were closely connected to the extent of the linear part of the stress-strain curve. To obtain satisfactory toughness, a relatively soft material with hardness of 56 HR, was originally used as the die-insert material. The negative effect of this is a relatively low elastic limit: z 1300 N/mm2.
An extended elastic stress-strain curve is obtainable through the application of materials with higher hardness, especially HSS types. This means that the plastic strain in every loading cycle is considerably reduced (Fig. 17e) . A negative effect, however, is that the toughness is reduced at the same time.
The higher prestress of a STRECONR stripwound prestressed container makes it possible to utilize the Q IMechE 1993 estimated elastic portion of the stress-strain curve fully and control the reduced toughness. Combining prestressing with a powder-metallurgical high-speed steel die insert (ao.lo x 2400 N/mm2, HR, 2 60) fitted with high interference ( 2 1.0 per cent) reduces the cyclic plasticity, which mainly determines low-cycle fatigue fracture, and results in a remarkable die-life improvement of approximately 24000 pieces on average (Fig. 17f) . The reduced toughness becomes a less important problem. It should be borne in mind, however, that this result is part (and thus size, geometry and material) dependent.
Tool manufacturing
Taking into account the tool-dependent (internal) factors, the question of tool life becomes more difficult, because the entire history of tool manufacturing and assembly plays a significant role. Aspects concerning the responsibility of manufacturing forming tools in metal cutting are well known, but the role of electro discharge machining (EDM) on tool life is still a severe problem, possibly solvable on the level of international collaboration.
At a meeting of the Case Studies Subgroup of the Japanese Forging Research Committee, the majority of tool failure cases in cold forging production was attributed to improper EDM application, which forms a brittle cracked white layer on the surface (51,52). Figure  18 , related to this, displays: Concerning wire-cut EDM (WEDM), the remoltenrefrozen layer exhibits softening due to copper enrichment from the wire, contrary to the case of conventional EDM.
In order to avoid these troubles the following methods are recommended (52):
carbon enriched from a graphite electrode, decreasing the EDM rate by reducing input power, softening of refrozen layer by reducing the carbon content, tempering in order to lower the hardness at rather high temperatures, selecting tool materials that have a hightemperature toughness and a low thermal expansion coefficient.
For subsequent physical vapour deposition (PVD) or chemical vapour deposition (CVD) coating, however, the refrozen layer has to be removed completely by mechanical polishing, in order to guarantee maximum adhesion between the hard coating and the ground material.
Tool material
From the analysis of the main damaging processes, it is obvious that the requirements of the tool materials are contradictory. The higher the hardness of the material, the better in most cases is its wear resistance, but the lower is its fracture toughness. The schematic illustration of fracture toughness and hardness for different materials (Fig. 19) shows that the right upper area of ..... the diagram that combines advantages for an ideal tool material is empty. The endeavour of research is to 'cover' this area using: (a) metallurgical methods, on the level of manufac- of this steel is somewhat lower; nevertheless, the steel offers an extremely high toughness and fatigue strength, and simultaneously a heat resistivity as high as that of other conventional high-speed steels. Consequently, it can be applied to warm forging dies as well as to cold forming punches (53). A nitrided layer promotes its use in warm forging. Moreover, the quality of the tool steels generally depends on a variety of factors. In this connection it has been well known for a long time, for example, that an isotropic microstructure, for example for hot forging dies, will contribute to an increased tool life. This experience was recently confirmed for die steels which were multi-axially forged in Japan to ensure the desired isotropy (54).
Requenched
Surface treatment
Another way of seeking for a compromise between wear resistance and fracture toughness is the local modification of tool material properties by local surface treat- ment. Common wear protective coatings can be subdivided into two main groups ( Fig. 20) :
(a) reactive coatings, where the alloying element enters into the matrix by diffusion or beam techniques such as ion beam treatment; (b) deposited coatings, whereby the coating is clearly separated from the material below.
The methods above, as well as their advantages, are well known in the practice of metal forming (Fig. 21) . The disadvantages of some coating methods are mostly connected with the problem of insufficient adherence of the layer on the substrate, for example the base material due to the coating process or with bad mechanical surface treatment. Furthermore, some of the traditional coating methods are not environmentally friendly, for example hard chromium plating. Two examples, one for cold and one for warm bulk metal forming, are described in the following. Both are very effective in increasing tool life : 
Hard coating by plasma-assisted P V D technology
For the coating of tools, using a PVD process, the coating material is transformed into the gaseous state either by vaporizing a melt or directly from the solid state via an atomic process (55). Though the term ion plating was introduced in the early 1960s (56), the application of different PVD coating technologies in the tool industry, however, started as late as the beginning of the 1980s. Nowadays approximately 10 per cent of the orders in job coating centres are forming tools (57).
The combination of ion plating and activated reactive evaporation includes not only the biased activated reactive evaporation process [for example references (58) and (59)] but primarily those processes utilizing anodic and cathodic arc sources specially developed for high activation of the vapour and high vapour ion bombardment of substrates (60). In the termionic arc chamber the evaporation metal is the anode of a non-self-sustaining arc discharge. Its cathode is a resistance-heated filament situated in a separate chamber under relatively high inert gas pressure. The process invented at Balzers Company was mainly applied for the production of TiN films, but recently some other coating materials, such as TiCN and CrN, were introduced. Figure 22 gives a comparison of the performance between uncoated, plasma-nitrided, TiN-coated (Balinit A) and TiCN-coated (Balinit B) tools for the forming of collars on suspension arms of passenger cars.
Laser alloying
The laser alloying technology belongs to the group of reactive coating methods. Insufficient material properties can be locally modified and improved at wearendangered critical surface spots of forging dies by using this method and taking advantage of a flexible laser beam. Local change in the fracture toughness of the material can help to avoid crack initiation in heavy loaded tools or by increasing the hardness an effective wear protection can be given to the hot forging dies (61). In this case additional materials are used for surface alloying which contain WC/Co. For future nitriding some Cr is added. Consequently an alloyed surface layer shows the composition of a high-alloyed high-speed tool steel. The maximum percentage of alloying elements in the surface layer then may reach the following values to a depth of 1.0 mm: 6-22 per cent tungsten, 2-4 per cent cobalt and 0.8-2.0 per cent carbon. Depending on the additional materials, the hardness of the surface is HRC 58-67.
The additional alloying material can be brought on to the surface as a powder in two steps, displayed in Fig. 23 , which also shows the influence on tool life.
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Industrial practice shows an average increase of tool life after laser alloying of 100 per cent, in some cases up to 500 per cent, compared with the traditionally treated tools (62), as shown in Fig. 24 for a hot forging die.
On-line tool monitoring
The selection of the most favourable tool maintenance strategy also belongs to the steps towards increasing tool life. In the case of highly loaded cold forming tools the failure-based maintenance strategy and the strategy of regular tool replacement (independent of the state of the tool) are both very uncertain because of the enormous dispersion of tool lives. An endeavour to avoid tool fracture completely can result in too short toolchange cycles, not utilizing the performance of tools. The analysis of the economical aspects shows [ Fig. 25 , (S)] that the best solution is to stop the press before the tool breaks. The general question about this basic requirement is, however, how the continuous progress of tool failure can be measured during the manufacturing process.
A new solution is presented in Fig. 26 (63) . The schematically displayed on-line monitoring system is able to follow the crack propagation inside the die and thereby delivers the required information about the state of the tool during production.
SYSTEMATIC APPROACH TO THE PREDICTION OF TOOL LIFE
Data-based methods of lifetime prediction
Prediction of expected tool life at the level of process planning enables the joining of computer aided process planned (CAPP) forming operations with simultaneous engineering. Information about the expected failure reason gives the necessary basis for the selection of the proper tool management strategy. The methods of lifetime prediction can be split into The first is a purely empirical approach based on the relationship between complexity, weight, deformation three different approaches :
_ _
The deterministical approach. The expected tool life for the production of new parts is determined by the achieved tool life observed during the production of current parts (the empirical approach). The statistical approach. The average service life of some tool sets allows for the prediction of the expected tool life for subsequent production of the same parts. (Statistical methods contribute to the safety and reliability of production.) The mechanicallnumerical approach. Mechanical and numerical modellings enable lifetime predictions for new parts and new tool designs. (Process simulation mainly by FEM yields the knowledge about tool loading and reasons for failure.) and material properties without analysing the failure reasons. The second approach is a pure problem of the theory of probability. This category of solutions, introduced in reference (a), is based on the Weibull distribution of failure cases and delivers the necessary number of tool sets to provide the prescribed safety of production (65).
The third approach makes use of the FEM as an excellent modelling tool. However, the lack of necessary data and the difficulties of relating the loads to the damage mechanisms (described in Section 3) are the main obstacles of transferring results from one tool to the other. The development of a new comprehensive FEM process design and simulation program package for metal forming processes (PSU Project, Germany) also includes the mathematical modelling of tool damage (34).
A knowledge-based approach
An attempt to integrate the mathematical modelling of all damaging factors has been shown in reference (48) (Fig. 27 ). The main ideas of the generalized lifetime model for cold extrusion tools are as follows (66): 1. All damaging factors act at the same time, but only one of them achieves a predominant role in determining tool life. 2. The simulation of parallel damage processes is carried out on the level of form elements of active tool parts in order to increase the transferability of material data.
3. The necessary constants (material properties) are collected from case studies, and are stored together with the confluences in the form of an object-oriented knowledge base. As is usual in object-oriented knowledge-based systems, the generic frame describes the connections between the objects. This generic frame contains all aspects of the forming system that influence tool life (Fig. 13 ). 4. The acquisition of geometric knowledge is based on automatic processing of the international graphics exchange standard (IGES) format of tool drawing.
Since a knowledge base is used to store the case studies ('experience'), the knowledge base can be used as a consulting system as well. The simulation module controls the wear and fracture simulation. There is not enough information for a quantitative simulation of the other damaging processes, but the simulation system also enables the inclusion of other models.
Maintenance Fig. 27 Knowledge-based consulting and simulation system for prediction of tool failure (48) 1.
2.
3.
4.
5.
6.
7.
8.
CONCLUSIONS
Although a large effort has been made to increase the efficiency, tooling has remained the most uncertain factor in metal forming. High tooling costs are forcing both industry and research to systematize their know-how,' material and technological data, as well as their empirical knowledge, in order to increase the service time of the tools.
Because of the confluence of factors influencing tool life, research has been limited to a purely empirical sphere up to now. Investigations are very expensive and the results are not transferable; they can only orientate the designer. Human experience, collected during the years of industrial activity, combined with finding analogies, can be more precise in the prediction of the service time of a new tool design than 'highly scientific' methods.
A knowledge-based approach imitating the activity and knowledge acquistion of human experts can be the bridge between CA techniques and human experience. Data concerning the lifetime of tools are mostly treated as confidential factory information. However, collecting and compiling international tool failure cases could be useful for all tool designers, tool makers and for the metal forming factories. For the simulation of surface welding, crack initiation, etc., a bridge between physics and technological practice should be built in order to find the material constants of wear for the different surface combinations. Further development of metal forming tools aiming at an improved performance and economy requires the knowledge of experts in forming, materials and machinery, both in research and industry, and should be a challenging task for international cooperation.
